Abstract: Soil water repellency in golf putting greens may induce preferential "finger flow", leading to enhanced leaching of surface applied agrochemicals such as fungicides and nitrate. We examined the effects of root zone composition and the use of the non-ionic surfactant Revolution on soil water repellency, soil water content distributions, infiltration rates, turf quality, and fungicide and nitrate leaching from April 2007 to April 2008. The study was made on 4-year-old experimental green seeded with creeping bentgrass (Agrostis stolonifera L.) 'Penn A-4' at Landvik in southeast Norway. Eight lysimeters with two different root zone materials: (i) straight sand (1% gravel, 96% sand, 3% silt and clay, and 4 g kg −1 organic matter) (SS) and (ii) straight sand mixed with Sphagnum peat to an organic matter content of 25 g kg −1 (SP) were used in this study. Surfactant treatment reduced the spatial variability of water contents, increased infiltration rates and reduced water drop penetration times (WDPTs) by on average 99% in and just below the thatch layer. These effects were most evident for SS lysimeters. Surfactant treatment resulted on average in an 80% reduction of total fungicide leaching, presumably due to reduced preferential finger flow facilitated by decreased soil water repellency. Peat amendment reduced fungicide leaching by 90%, probably due to increased sorption of the fungicides to organic matter. Nitrate leaching was also smaller from surfactant-treated straight-sand root zones, but this effect was not significant.
Introduction
Soil water repellency (SWR) caused by hydrophobic coatings of sand particles often results in localized dry spots on sand-based golf greens (Doerr et al. 2000; Dekker et al. 2004 ). In soils affected by SWR infiltrating water and solutes are rapidly channeled in 'fingers' through more wettable zones of the soil, thus bypassing the water repellent dry spots (van Dam et al. 1990; Hendrickx et al. 1993 ) and increasing the risk of pollution of receiving water bodies. Heterogeneous finger flow and accelerated solute leaching can even occur in 'sub-critically' water repellent soils without any obvious localized dry spots (Jarvis 2007; Larsbo et al. 2008) .
Surfactants are often applied on golf courses with SWR in order to improve water and nutrient use efficiency and turf quality (Kostka 2000) . Surfactants have different modes of action, but a common feature that the surfactant molecules attach to hydrophobic soil surfaces rendering them wettable (Cisar et al. 2000; Kostka 2000) . As many golf greens are intensively managed with fertilizers and fungicides to maintain turf and playing quality, surprisingly little research has been performed to assess the impacts of SWR on leaching of such agrochemicals, and the extent to which the use of surfactants might alleviate these losses. One exception is the study reported by Larsbo et al. (2008) , who demonstrated that the non-ionic block copolymer surfactant 'Primer 604' improved the uniformity of infiltration in golf greens and reduced leaching losses of three fungicides by up to 90%. Our objective here was to evaluate the effects of Revolution, an alkyl-terminated block copolymer surfactant (Kostka et al. 2008 ) on SWR and leaching of fungicides and nitrate from golf greens with and without organic amendment. The commercial fungicide product Amistar Duo (Syngenta Crop Protection, Basel, Switzerland) was applied at a rate of 3 L ha −1 (active ingredients azoxystrobin, 0.6 kg a.i. ha −1 and propiconazole, 0.375 kg a.i. ha −1 ) in 250 L ha −1 aqueous solution on 7 June, 28 August and 17 October 2007, the latter as a preventive treatment against snow mould (Microdochium nivale and Typhula sp.). These fungicides are widely used on golf greens in Scandinavia and previous studies have shown that they are susceptible to leaching (Larsbo at al. 2008 ). • C and 60% relative humidity, three drops of 60 µL water were placed on the surface at 1, 1.6-2.2 (just below thatch layer), 3, 5 and 10 cm depth and the time until infiltration measured. This analysis reflects potential rather than actual SWR (Dekker and Ritsema 1994) . Infiltration rates were measured at one locations per plot on 2 October 2007 using a double ring infiltrometer with an outer ring diameter of 128.5 mm and inner ring diameter of 45 mm. Both rings were filled with 8 cm water and the water level in the inner ring was measured after three minutes. Turfgrass visual quality and shoot density were estimated at approximately biweekly intervals in 2007 and once in April 2008 on a scale from 1 to 9 where 9 is the best quality and highest density. Drain discharge was collected from each lysimeter in steel tanks during a period of 2-4 weeks after each fungicide application. Samples for fungicide analysis were taken after thorough mixing of the water in each tank. Fungicide concentrations were measured by Bioforsk Pesticide Laboratory using the M60 Multivann method (Holen & Christiansen 2006) and nitrate concentrations by the AnalyCen Laboratory (Moss, Norway) according to the ISO 13395 method.
Material and methods

Experimental site and set-up
Parameters Measured
The experimental data were analyzed using SAS software version 9.1 (SAS Institute 2002). We used ANOVA for all data except for the non-normally distributed WDPT data, for which we used the Kruskal-Wallis test. Throughout this paper, the term 'significant' always refers to P < 0.05, and 'tendencies' to 0.05 < P <0.10
Results and discussion
Soil water content
The mean SWC was significantly higher in SP than in SS root zones at all depths both in August 2007 (Table 1a) (Table 4b ). Significant root zone × surfactant interactions at 4-6 and 6-10 cm depths indicated that this reduction only took place in SP root zones (data not shown). These results are contradictory to those presented by Larsbo et al. (2008) who reported increased SWC after use of the hydroxylterminated block copolymer surfactant Primer 604, but they are in line with Kostka et al. (2008) who found that alkyl-terminated surfactants resulted in lower but more uniform soil water contents than hydroxyl-terminated surfactants. In the Nordic countries, this difference between surfactant chemistries might be important for turfgrass winter damage, which is usually exacerbated by increasing SWC before winter.
The horizontal variation in SWC expressed by coefficients of variation was larger in SS than in SP root zones at 2-10 cm depth on 1 August 2007 (Table 2) and at all depths on 22 April 2008 (data not shown). The non-uniform wetting in SS lysimeters may be an indication of preferential finger flow due to SWR. Use of surfactant reduced the variability in SWC at 2-4 cm depth in August 2007. At this depth there was also a significant interaction indicating that the surfactant reduced the variability in soil water contents only in SS lysimeters (Table 2) . Similar results were reported by Larsbo et al. (2008) .
Water drop penetration times and infiltration
Measurements of WDPT showed that nearly all samples were potentially water repellent (data not shown). The highest WDPT (almost 1200 s) was recorded on 31 July 2007 just under the thatch layer. Root zone composition had no effect on WDPT on 31 July 2007, but on 22 April 2008, WDPT was significantly higher at 2, 3 and 5 cm depths on SS plots compared to SP plots (data not shown). The use of surfactant resulted in 99% lower WDPTs in and just below the thatch layer on 31 July 2007 but had no effect on 22 April 2008. Use of the double ring infiltrometer on 2 Oct. 2007 showed that the infiltration rate was more than four times higher on SS compared to SP plots. An interaction was noted, as surfactant increased the infiltration rate for SS lysimeters, but had no effect on SP lysimeters (Fig. 1) .
Turfgrass quality and shoot density Turfgrass shoot density was significantly higher on SP than on SS lysimeters on 2 Nov. 2007, and there was a similar tendency on 30 July 2007 and in April 2008. Surfactant had no effect on turfgrass qualiy of SP plots, but improved the quality of SS plots on most observation dates (data not shown). Similar results were reported by Larsbo et al. (2008) . for azoxystrobin and 3.3 µg L −1 for propiconazole. Peak values were probably higher because these values are averages of multiple leaching events. Norwegian guideline values based on predicted no effect concentrations (PNEC) (azoxystrobin no effect = 0.95, and propiconazole no effect = 0.13 µg L −1 ; Ludvigsen & Lode 2008) were exceeded in leachates from all lysimeters for propiconazole and for all lysimeters except surfactant treated SP lysimeters for azoxystrobin. Maximum concentrations of fungicides were also well above the EU drinking water limit of 0.1 µg L −1 (Council of the European Union 1997).
On an individual plot basis, the maximum concentration of NO 3 -N was 6.1 mg L −1 which is less than the EU drinking water limit of 50 mg NO − 3 L −1 (Council of the European Union 1998). Both surfactant treatment and peat amendment reduced the concentration of NO 3 -N in drain discharge significantly for the first collection period (Table 3) .
Discharge volumes and total leaching of fungicides and nitrate When summarized over the two collection periods, the total drain discharge volume tended to be lower from SS than from SP lysimeters (Table 4) . A significant root zone × surfactant interaction showed that the surfactant treatment increased drain discharge from SS lysimeters but had the opposite effect on SP root zones. One possible explanation for this unexpected result is that the strong SWR just below the thatch on SS plots prevented infiltration and caused water to move laterally to surrounding plots as surface or near-surface runoff. Ponding was often observed after irrigation on SS plots not treated with surfactant. Although the total discharge volume tended to be smaller from SS lysimeters, higher concentrations (Table 3) resulted in significantly higher leaching of fungicides from SS than from SP lysimeters (Table 4) . This can be explained by the higher organic matter content in SP lysimeters which facilitated sorption of the applied fungicides. Larsbo et al. (2008) found that leaching of iprodione, azoxystrobin and propiconazole was almost totally eliminated in lysimeters amended with 0.2 m 3 m −3 of mature garden compost. A comparison of the results from that study and the present study suggests that peat amendment was less efficient in reducing fungicide leaching than garden compost.
Surfactant application significantly reduced the total leaching of both fungicides by on average 80% (Table 4). Although not statistically significant, a 74% reduction was recorded also for NO 3 -N. This suggests that the lower SWR and more uniform wetting of surfactant-treated soils reduced preferential finger flow, especially in SS lysimeters. Our results are in agreement with those presented by Larsbo et al. (2008) .
Our results show that golf greens, especially straight sand constructions, are susceptible to accelerated fungicide leaching due to preferential flow induced by water repellency. The alkyl-terminated block copolymer surfactant Revolution was shown to significantly ameliorate soil water repellency, increase the uniformity of wetting in the root zone and reduce the leaching of two fungicides (propicanazole and azoxystrobin) by circa 80% on average. Nitrate leaching was also less from surfactant-treated straight-sand root zones, but this effect was not significant. Our results indicate that efficient management in order to minimize SWR will also have beneficial effects on the leaching of agrochemicals from golf greens.
